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Abstract 
Estuaries and coastal waters of Strait of Malacca are of Na-Cl water type. Water samples are governed by ionic exchange process 
and silicate weathering. Na-Cl water types indicating the presence of seawater and halite mineral. Whereas Ca/(Ca+SO4) ratio 
found that 71% of the water samples indicating the occurrence of Ca depletion (Ca/(Ca+SO4)<0.5). The super-saturation of 
carbonate minerals (calcite and dolomite) is caused by the precipitation process that continuously exchanged Ca and Mg with Na. 
Based on PHREEQC speciation modeling, Al(OH)4-, Ba2+, CdCl+, Cu(OH)2, Fe(OH)3, Mn2+, PbCO30, and Zn2+ are dominant 
metals species present in the water samples.  
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1.Introduction 
The prediction and evaluation of water quality especially in relation to metal pollution is of great attention due to 
their adverse effects pose on estuaries and coastal ecosystems [1]. In addition to anthropogenic pollution, the 
geochemical mobility of metal elements in natural water relies upon the composition, species, and mineralogy of 
surrounding sediment [2.] Notably, there are limited studies on hydrochemisty and geochemical modeling to predict 
metal speciation in tropical estuaries and coastal water of Malaysia. As metal speciation is important to comprehend 
its behavior in the water system, thus, current study is crucial to provide baseline understanding on metal 
speciations. The objectives of this paper are:  (1) to determine the basic hydrochemical characteristics and (2) predict 
the metals speciation of selected estuaries and costal water.    
2.Material and Methods 
2.1.Site description 
This study covers 48 sampling points that situated along the coastal area and estuaries of the Strait of Malacca. 
The sampling sites were selected in a way that could truly represent water characteristic in that estuaries and coastal 
water. 
2.2.Sample collection and analytical methods 
Water samples were collected in triplicate from February to May 2012. Several parameters namely pH, 
temperature, redox potential, salinity, electrical conductivity, dissolved oxygen and total dissolved solid were 
measured on-site. The unfiltered water samples were used to determine bicarbonate and chloride concentration 
while the filtered (0.45 µm) water samples were used for nitrate and sulfate determination. The preserved water 
samples (pH<2 using nitric acid) were kept cool and transported to the laboratory. Elemental (Al, Ba, Cd, Cu, Fe, 
Mn, Pb Zn) and cations (Ca, Mg, K, Na) were determined by inductively coupled plasma mass spectrometry (ICP-
MS) and flame atomic absorption spectrometry (FAAS) respectively.  
2.3.Hydrochemical modeling and application 
The Geochemistry Software AqQA was used to identify hydrochemical facies of water samples. Data obtained 
from this study were plotted on Piper diagram to illustrate various hydrochemical facies [3, 2]. In addition, ionic 
relationships (Na versus Cl and Ca/(Ca+SO4) versus pH were used to assess the origin and chemical behaviour of 
water samples [4, 5]. Elemental speciation modeling was carried out using PHREEQC software version 3.1.7-9213. 
The saturation states of related minerals is estimated by saturation index (SI) due to uncertainties of analytical and 
activity concentration [6].  
3.Results and discussion 
Descriptive statistic for the analyzed estuaries and coastal water is given in Table 1.   
Table 1 Descriptive statistics of major ions and metals for selected estuaries and coastal water along Strait of Malacca 
 Unit Minimum Maximum Mean SD CV (%) 
pH - 6.32 8.44 7.75 0.53 6.89 
Eh mV -63.83 -0.93 -41.92 15.05 35.90 
Temp °C 26.93 35.90 31.49 2.49 7.91 
EC mS/cm 15.43 49.03 35.73 9.99 27.97 
Sal ppt 7.43 32.20 21.92 7.33 33.44 
DO mg/L 0.54 6.78 4.11 1.36 33.21 
TDS mg/L 7716.67 24516.67 17862.57 4996.84 27.97 
Na mg/L 583.00 69157.00 10472.35 10698.53 102.16 
K mg/L 55.70 431.17 238.38 96.92 40.66 
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Ca mg/L 59.73 958.73 471.71 225.04 47.71 
Mg mg/L 167.33 1230.13 684.10 251.45 36.76 
HCO mg/L 56.50 310.70 139.78 44.85 32.09 
Cl mg/L 5839.80 19330.90 14201.34 3935.52 27.71 
NO3 mg/L 26.70 900.00 250.65 181.41 72.37 
SO4 mg/L 496.70 4303.30 2025.56 794.21 39.21 
Al µg/L 0.70 5648.36 231.36 841.73 363.83 
Ba µg/L 0.19 7.77 3.20 1.63 50.93 
Cd µg/L BDL 5.66 0.58 1.59 275.76 
Cu µg/L 5.21 530.72 86.08 82.76 96.15 
Fe µg/L 82.87 981.24 431.59 231.49 53.64 
Mn µg/L BDL 141.59 11.28 21.39 189.69 
Pb µg/L BDL 28.60 2.37 5.26 221.82 
Zn µg/L BDL 567.85 38.94 83.46 214.33 
Notes:  
SD = standard deviation 
CV = coefficient of variation 
BDL = below detection limit 
 
The major ions concentration (meq/L) for water samples was plotted in Piper diagram (Fig. 1) to illustrate the 
dominate species that govern the hydrochemical processes and water chemistry. Among the ionic species, Na, Mg 
and Cl dominated others major ions. Findings from this study indicate good evidence that the estuaries and coastal 
samples are of Na-Cl water types.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Piper Diagram of estuaries and coastal water constituents 
 
 
 
 
 
 
 
 
 
Fig. 2. Na versus Cl plot for estuaries and coastal water samples 
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The Na/Cl plot (Fig. 2) shows that 56% of water samples are governed by ionic exchange process (Na/Cl<1), 
42% of water samples are influenced by silicate weathering (Na/Cl>1), and the remaining 2% can be explained by 
halite dissolution. On the other hand, Ca/(Ca+SO4) ratio (Fig. 3) was used to represent dissolution of carbonate 
minerals. Most of the water samples (71% of total samples) indicate occurrence of Ca depletion (Ca/(Ca+SO4)<0.5), 
21% by gypsum dissolution (Ca/(Ca+SO4)=0.5), and the remaining 8% suggest that Ca originated from carbonate or 
silicate sources. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Ca/(Ca+SO4) versus pH plot for estuaries and coastal water samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Mineral Saturation Index (SI) for estuaries and coastal water samples 
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The dissolution and precipitation of minerals, and the constituents that control the solubility of major elements 
are explained through its saturation index (Fig. 4). Water samples were at under-saturation or close to saturation 
with respect to analyzed minerals (Jarosite-K, Anhydrite, Barite, Gypsum, and Halite), suggesting the effect of 
dilution. Seawater and halite dissolution could explain the occurrence of Na-Cl water types. The super-saturation of 
carbonate minerals (calcite and dolomite) is caused by the precipitation process that continuously exchanged Ca and 
Mg with Na. In addition, super-saturation of minerals likes goethite, gibbsite, and hematite might be due to excess 
oxide minerals dissolved under equilibrium conditions.     
PHREEQC output shown that Al(OH)4- (56.8-99%), Ba2+(72.0-93.8), CdCl+(40.3-61.4), Cu(OH)20(1.2-94.7), 
Fe(OH)30(16.6-81.2), Mn2+(52.9-76.5), PbCO30(3.8-76.7), Zn2+ (0-71.3) were the common species of Al, Ba, Cd, 
Cu, Fe, Mn, Pb, and Zn, respectively, in estuaries and coastal water samples collected from the Strait of Malacca 
(Table 2).  
Table 2 Percentage range of speciation forms of metals in estuaries and coastal water along Strait of Malacca 
Element Percentage range (%) Speciation forms 
Al 56.8-99.9 Al(OH)4- 
 0-30.7 Al(OH)2+ 
 <8.5 Al(OH)30, AlOH2+, Al3+, AlSO4+, Al(SO4)2-, AlHSO42+ 
Ba 72.0-93.8 Ba2+ 
 6.1-27.7 BaSO40 
 <0.7 BaHCO3+, BaCO30, BaOH+ 
Cd 40.3-61.4 CdCl+ 
 19.6-39.9 CdCl20 
 2.3-15.3 CdCl3- 
 1.7-14.6 Cd+2 
 <3.3 CdOHCl0, CdSO40, CdHCO3+, Cd(SO4)22-, CdOH+, 
CdCO30, CdNO3+, Cd(CO3)22-, Cd(OH)20, Cd(OH)3-, 
Cd2OH3+, Cd(OH)42- 
Cu 1.2-94.7 Cu(OH)20 
 2.7-36.7 CuCO30 
 0.3-60.9 Cu2+ 
 0.1-19.4 CuCl+ 
 0-11.3 CuHCO3+ 
 <9.3 CuOH+, Cu(CO3)22-, CuSO40, CuCl20, Cu(OH)3-, CuCl3-, 
CuCl42-, Cu(OH)42-, Cu2(OH)22+ 
Fe 16.6-81.2 Fe(OH)30 
 0.1-33.3 Fe(OH)4- 
 2.7-83.0 Fe(OH)2+ 
 0-76.4 FeCl2+ 
 <0.3 FeOH2+, FeSO4+, FeCl2+, Fe3+, Fe(SO4)2-, FeCl30, 
Fe2(OH)24+, FeHSO42+, Fe3(OH)45+ 
Mn 52.9-76.5 Mn2+ 
 13.2-28.6 MnCl+ 
 0.1-13.5 MnCO30 
 1.6-11.1 MnSO40 
 <3.9 MnHCO3+, MnCl20, MnCl3-, MnOH+, Mn(NO3)20, 
Mn(OH)3- 
Pb 3.8-76.7 PbCO30 
 6.4-56.5 PbCl+ 
 0-15.9 Pb(CO3)22-    
 1.1-13.5 Pb2+ 
 1.3-13.8 PbCl2 
 <6.2 PbOH+, PbHCO3+, PbCl3-, PbSO40, PbCl42-, Pb(OH)20, 
Pb(SO4)22-, PbNO3+, Pb(OH)3-, Pb(OH)42-, Pb2OH3+, 
Pb3(OH)42+ 
Zn 0-71.3 Zn2+ 
 10.5-18.4 ZnCl+ 
 0.2-16.0 ZnCO30 
 0.2-15.0 ZnOHCl0 
 0-20.6 Zn(CO3)22- 
 1.5-9.1 ZnSO40 
 <4.7 ZnOH+, ZnCl20, ZnHCO3+, Zn(OH)2, ZnCl3-, ZnCl42-, 
Zn(SO4)22-, Zn(OH)3-, Zn(OH)42- 
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The water types and anions concentrations could influence the chemical behavior of metals and their species in 
water system. The output from PHREEQC modeling revealed that Ba, Mn, and Zn exist as free ions due to their 
crystal field stabilization energy (CFSE=0). Na-Cl facies and the dissolution of halite mineral produce conservative 
Cl ions that could combine with metals forming dissolved chloride complexes. Fe3+ and Al3+ existed mainly as 
hydroxide species which were usually precipitated in the water system because of their low solubility. 
4.Conclusion 
Results from this study provide baseline information on hydrochemistry and metals speciation of estuaries and 
coastal water along the Strait of Malacca. Most of the water samples are of facies Na-Cl water type. The calculated 
Na/Cl and Ca/(Ca+SO4) ionic ratio showed that majority of water samples were governed by ionic exchange process 
and occurrence of Ca depletion in the water system. In addition, precipitation and dissolution processes, and the 
constituents that influence the solubility of elements could be shown by the calculation of saturation index. The Na-
Cl facies indicated the dissolution process of halite mineral. Super-saturation of minerals could be due to the 
presence of excess oxide minerals and precipitation process. According to the speciation modeling, the dominant 
species for Al, Ba, Cd, Cu, Fe, Mn, Pb, and Zn were Al(OH)4-, Ba2+, CdCl+, Cu(OH)20, Fe(OH)30, Mn2+, PbCO30, 
and Zn2+ respectively.       
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